Abstract-To fully understand the ocean environment requires sensing the full water column. Utilizing a depth adjustment system on an underwater sensor network provides this while also improving global sensing and communications. This paper presents a depth adjustment system for waters up to 50 m deep that connects to the AQUANODE sensor network nodes. We performed experiments characterizing and demonstrating the functionality of the depth adjustment system. We discuss the application of this device in improving acoustic communication and also verify the functionality of a decentralized depth adjustment algorithm that optimizes the placement of the nodes for collecting sensing data.
depth in the water. The depth adjustment system enables the underwater sensor nodes to position the themselves for the purpose of deployment with a desired geometry. This positioning allows for sampling in the vertical water column, adaptively positioning nodes to optimize the acoustic communication of the system, and enabling surfacing for the purpose of node retrieval, radio communication, or locating via GPS. We have also developed autonomous algorithms that optimize node depths for collecting sensory data. These algorithms can be used to perform one-time placement optimization of static systems or online optimization on systems with depth adjustment capabilities.
Energy use is minimized as the depth adjustment system only uses energy when actively moving. Utilizing the communication capabilities of the system allows the network to collectively decide how best to balance mobility with sensing and communication tasks.
We envision deploying the system in lakes, coastal rivers, and harbors and have performed early studies in these locations. The nodes are easily deployed in any location as they can automatically go to the optimum depth for sensing, while maintaining communication. If a node on the sensory front detects an event, such as an algae bloom, it can alert the rest of the nodes in the network or surface to use radio to report the event to scientists. The rest of the nodes can then reconfigure their depths to track and monitor the growth of the algae bloom.
In this paper, we address many of the challenges involved in making this scenario a reality. We develop the depth adjustment system, characterize its performance experimentally, and present the utility of the depth adjustment system by discussing two applications. The first application analyzes the potential improvement in communication that can be achieved by adjusting the depths of the underwater sensors. The second application is a decentralized depth controller that we use to optimize the positions of the nodes for sensing. We verify the operation of this algorithm on our underwater sensor network system using the depth adjustment module. The depth adjustment system is a module that attaches to the bottom of our core underwater sensor network nodes, called AQUANODES, described in [2] and [3] . The nodes are designed to collect environmental data in shallow waters (up to 50 m) such as rivers, lakes, or coastal waters. Our system allows nodes to autonomously modify their positions, which we have verified in more than a dozen, multihour in-situ experiments.
In this paper, we start by discussing related study in Section II. We then give an overview of the AQUANODE platform in Section III. Next, we detail the design and functionality of the depth adjustment system in Section IV. Following the system description, we present experiments in Section V that characterize the performance of the system in air and water experiments. In addition, in Section VI, we illustrate how the depth adjustment system can be used to optimize acoustic communication and sensor placement in an underwater sensor network. We conclude and present future directions of this research in Section VII.
II. RELATED WORK
As far back as 1964, devices were constructed to sample water conditions at particular depths. Joeris devised a device to take samples at particular depths by being lowered via a winch from a boat at the surface of the water [4] . Spiess devised a device for supporting multiple packages of oceanographic equipment at a particular depth. This device used two vertical anchor lines with a horizontal line suspended in between. A buoyant device moved up and down on the vertical lines to adjust the depth of the sensor packages [5] . Springer et al.use a winch from a surface platform to automatically lower and raise a hydrological sensor developed by the Center for Applied Aquatic Ecology at North Carolina State University [6] .
The LEO-15 platform, developed jointly by WHOI and Rutgers University, has a bottom mounted winch system for water column profiling [7] . Howe and McGinnis have developed a water column profiler which travels along the mooring cable of their system and is able to recharge inductively at the surface platform [8] . Bokser et al.developed an underwater sensor (based on the Mica2 Mote) that can adjust its depth by moving a piston to change its buoyancy [9] . Pompili et al. mention using a bottom-based winch or inflatable buoy to adjust the depth of sensors to more easily deploy 3-D sensor networks underwater [10] .
These systems used their depth adjustment capabilities primarily for column profiling or initial sensor placement. In contrast, we leverage our networking capabilities and depth adjustment system to enable algorithms that improve sensing and communication over the whole region. In addition, this system makes localization and recovery/deployment of large systems much easier than traditional underwater networks.
A few papers discuss changing the depth of a moored underwater sensor to improve sensing or communication. Akyildiz et al.discuss the benefit and challenges associated with adjusting the depth of underwater sensor nodes [11] , [12] . They note that depth adjustment allows greater sensor coverage; however, other factors need to be taken into consideration, such as maintaining network communication connectivity. Akkaya and Newell propose adjusting the depths of nodes in an underwater sensor network to reduce overlap to improve sensor coverage [13] . These papers present some theory, but do not implement depth adjustment for underwater networks.
III. AQUANODE OVERVIEW
We designed the AQUANODES to be a flexible underwater sensing and communication system. We previously described the development of the hardware, electronics, communications, and software for the AQUANODE underwater sensor network system [2] , [3] . In this paper, we add a winch-based module that allows each sensor node to dynamically adjust its depth. Preliminary results were presented at a workshop in [14] . Central to the AQUANODE system is a 60-MHz ARM7 processor. The system has pressure (for depth) and temperature sensors as well as the ability to connect other sensors. The AQUANODE has an onboard 60-WHr Li-Ion battery. This is sufficient for 2 days of regular acoustic communication, 2 weeks of continuous sensing, or up to a year of standby time. The desired deployment time can be achieved by varying the degrees of sensing and communication.
Communication is enabled through radio, optical, and acoustic systems. The Aerocomm AC4790 radio is used when the node surfaces via the depth adjustment system for mediumspeed (57 kbit), long-range (3 km) communication. The acoustic and optical modems were developed in our laboratory. The optical modem is used for high-speed (3 Mbit), short-range (3 m) communication and the acoustic modem used for low-speed (300 b/s), long-range (400 m) communication. The acoustic modem is a frequency-shift keying modulated modem operating with a 30-kHz carrier frequency.
Typically, AQUANODES are moored to an anchor and float in the water mid-column. With the addition of the depth adjustment system, the AQUANODES are able to dynamically adjust their depth. Fig. 2 illustrates a deployment of four AQUANODES that are able to adjust their depths to monitor and track a changing sensory field.
IV. DEPTH ADJUSTMENT SYSTEM
The depth adjustment system is a winch-based module that can be added to the core AQUANODE system to enable depth adjustment in water up to 50 m deep. Fig. 2 illustrates a deployment of AQUANODES to sense a sensory field. They are anchored at the bottom and float mid-column and can adjust their depth by adjusting the length of the mooring line. Fig. 1 shows the depth adjustment system attached to an AQUANODE as well as a disassembled node. The winch-based depth adjustment system is normally oriented down in the water. In the image, the node is inverted for visibility. Fig. 3 depicts the details of the depth adjustment system. Internal to the node is a motor, gearhead, and timing belt drive. A magnetic coupler transmits the drive power through the AQUANODE case to turn a spool of anchor line. Magnetic couplers have been previously used and analyzed in highperformance gearboxes and servos [15] .
The depth adjustment system allows the AQUANODES to change depth in water with a speed of 2.4 m/min and uses approximately 0.6 W when in motion. The first component of the system is a motor that drives the winch. The motor is driven by a 1.5-A motor controller with a software quadrature decoder running on the AQUANODE processor to decode the 10 ticks per revolution encoder. The motor is a 1.3-W output power 1224-12 V Faulhaber with a spur gearhead having a 20.6:1 reduction. The motor and gearbox assembly is 51.6 mm long and 12 mm wide. We connect the gearbox output to a timing belt drive that further reduces the output by 6:1, providing a total reduction of 123.6:1. Given the reduction and encoder resolution, we are able to adjust the anchor line length with 5-mm resolution.
The timing belt drive connects to a custom designed magnetic coupler. The magnetic coupler transmits drive power from the inside of the housing to the outside without needing to penetrate the housing with a shaft. This has a number of advantages. First, there is no chance of leaking. Second, this allows the external components of the winch to be easily removed. Finally, the magnetic coupler is compliant to misalignments of the two sides of the coupler.
The internal and external magnetic couplers are identical and consist of four parts. We designed a holder that contains places for six magnets. We orient the magnets in the holder with poles alternating so that the magnetic field forms a closed loop when connected to the other coupler. In order to concentrate the magnetic field, a steel ring sits on top of the magnets. At the bottom of the holder, we place a custom built glass thrust bearing. This gives the couplers very low-friction, ensuring efficiency.
The external magnetic coupler is submersed in salt water so resistance to corrosion is important. Both couplers use corrosion-resistant nickel plated neodymium magnets.
The external magnetic coupler attaches directly to the spool on which the anchor line is wound via an aluminum shaft. Bronze bushings support the shaft in order to allow it to spin with low friction. Since the anchor line winds perpendicular to the shaft, three delrin pulley wheels guide and redirect the anchor line. These provide a low-friction method for properly aligning the anchor line on the spool. We use 30-lb test fishing line as the anchor line on the spool. The spool holds over 50 m of line.
V. DEPTH ADJUSTMENT PERFORMANCE CHARACTERIZATION
We performed experiments to characterize the performance of the depth adjustment mechanism in air and in rivers. In Section VI, we examine applications that further characterize the system in situ.
A. Trials In Air
We started with experiments in air to characterize the performance of the depth adjustment system. These experiments account for over 12 h of near continuous motion of the depth adjustment system with greater than typical loads (200 g) and serve as a stress test for the system.
We began by characterizing the depth adjustment system's lifting capabilities. We calculated the theoretical stall torque of the system. The motor provides 3.6 mN·m of torque and the spur gearhead has an efficiency of 86%. With an average spool diameter of 20 mm, this results in a computed lifting force of 38.2 N or a weight of approximately 3.9 kg. We experimentally verified this by attaching the depth adjustment system to a spring scale. The system could support up to 3.4 kg before stalling. This results in a timing belt and magnetic coupler system efficiency of 87%. The mechanism itself is backdrivable when the motor controller is in a high-impedance state; however, it does not backdrive until over 15 N of force is applied. When both outputs of the motor controller are grounded, it will not backdrive until 25 N of force is applied. This rarely occurs in actual deployments and can be detected and corrected for by the motor encoder. Next, we setup a compound pulley system that enables the winding of over 20 m of line. We adjusted the weight on the end of the pulley to vary the load on the system. Table I shows the current needed from the 3-cell Li-Ion battery (nominal voltage of 12 V) to move the test rig up and down. The table also lists the average speed as well as the total amount of time the winch could operate with the 60 W·h of energy available onboard the AQUANODES.
Examining the table provides insights into system operation. The speed increases and the energy decreases when moving down due to gravitational effects. The down speed stays nearly constant; however, the up speed decreases as the force increases. We expect this as the downward motion force tries to increase the motor speed, reaching a maximum. When moving upward the force acts against the motor, reducing the speed as the force increases. Additionally, even with high loads and continuous depth adjustment, the system can operate for nearly 2 days.
B. Sensing In Water
In addition to performing extensive pool experiments, we also deployed the nodes in the Charles River in Cambridge, MA, and in the Neponset River, which is located just south of Boston, MA. We performed nearly ten multihour experiments in the Charles River and a 7-h experiment in the Neponset River. The experiments in the Charles River were in a relatively protected, calm area of the river. In the Neponset river, we placed the nodes along the boat channel; the nodes experienced a nearly 3-m tide over the course of the experiment and significant water current changes. These tests characterized the performance of the system in water under different conditions and illustrate how the adjustment system captures sensor values along the water column.
1) Charles River: For one of the experiments in the Charles River, we deployed three AQUANODES, with the depth adjustment system for 2 h. Node depths ranged from 2 to 3.5 m. The nodes traversed the water column every 2 min. Every second, the sensor nodes recorded temperature, depth, and battery current. The temperature of the water varied by over 0.5
• C from the surface of the water to the bottom. The response of the temperature sensor shows that it takes some time to adjust from one temperature to another indicated by the nonconstant values when the node stopped moving. This is most likely caused by the heat capacitance of the temperature sensor. This indicates that at full speed the node moves too fast to accurately measure the temperature. To obtain accurate water column readings, the node must move more slowly or pause for longer periods at each depth.
2) Neponset River: For the Neponset River experiment, we deployed four nodes around the Granite Avenue bridge, two on each side of the bridge. Fig. 5 shows a map of the deployment. Fig. 6 shows a picture of an AQUANODE in the water at the surface (left in image) and the marker buoy. The node was connected directly to an anchor at the bottom of the river. A length of chain was also attached to the anchor and ran along the bottom to serve as an offset for the rope that was connected to the marker buoy. This configuration reduced the risk of the depth adjustment line tangling with the marker buoy line.
We started the experiment at high tide during which the depth at the deployment locations ranged from 3 to 6 m. Seven hours later we recovered the nodes at low tide, after a tidal change of nearly 3 m. During the course of the experiment the river current changed from standing still to a moderate speed. Approximately 4.25 h into the experiment, there was a large rain storm that caused significant runoff into the river.
The nodes were programmed to perform column profiles of the water, going to the surface for 5 min and then returning to the bottom for 10 min. In addition, the nodes communicated and ran the dynamic depth adjustment algorithm (discussed in Section VI-B).
Each node had temperature, pressure, and chromophoric dissolved organic matter (CDOM) sensors. The CDOM sensors were external to the nodes and we used two different types. The first was a miniature sensor with a diameter of about 2 cm and a length of about 10 cm. The other sensor was nearly the same diameter as the sensor node and half the height. We used two of each sensor. The small sensors were attached to nodes 0 and 2 and the large sensors were attached to nodes 1 and 3. The small sensors were attached directly to the AQUANODES, while the larger sensors were made neutrally buoyant and allowed to float in the water. Unfortunately, the larger sensors created too much drag in the water given the significant water current in the river. This caused the over current software protection, which was mistakenly set to a low level, to disable the winch. Thus, the two nodes with the large sensors did not perform the depth transects. Fig. 7 shows the data collected from node 2 during the Neponset River experiment. The top (red) portion of the figure shows the depth as measured by the pressure sensor. This shows the depth transects as the node moved up and down. The first few show that it went up and then down briefly before going up and down again. This was most likely caused by poor initial winding on the spool causing the line to reverse winding. After a few times the spool corrected itself. The second plot down in Fig. 7 (green) shows the length of the line (based on motor encoder data) that was deployed in order to reach the surface. At the start of the experiment it took 6 m of line in order to surface from a depth of approximately 3 m. This node was limited to deploying 6 m of line. This means that the water current was dragging the node at an angle of almost 45
• . As the water depth decreased with the tidal change the amount of line needed stayed nearly the same until the last hour of the experiment. This is due to the fact that as the tide changed the river current increased, causing an even larger angle in the water. This shows that in rivers with relatively fast currents additional flotation material should be added to the nodes to increase their buoyancy and reduce the anchor line angle in the water.
The third and fourth plots down in Fig. 7 (blue and aqua, respectively), show the CDOM sensor reading as well as the temperature sensor reading. These show that at the surface there was a higher CDOM reading as well as a higher temperature reading. However, after slightly more than 4 h into the experiment, there was a significant rain storm. The sensor readings indicate that after this point the conditions in the water were much more uniform across the depths in the water.
This experiment demonstrated the performance of the depth adjustment system in a river with significant current. We collected pressure, temperature, and CDOM measurements for over 7 h from high to low tide. This experiment shows that properly adjusting the buoyancy of the nodes and minimizing the drag of external sensors is critical to enable proper depth adjustment.
VI. DEPTH ADJUSTMENT APPLICATION EXPERIMENTS
In this section, we discuss two applications of the depth adjustment system and present results. We start by presenting experimental data that indicate that adjusting the depths of underwater sensor nodes can significantly improve the communication success rate in the network. We then present results from experiments that validate a decentralized depth adjustment algorithm we developed in [1] that uses the depth adjustment capabilities to optimize the depths of the nodes for sensing.
A. Improving Communication
The acoustic communication channel is a challenging and fickle medium. The physical characteristics of the water and ocean floor greatly impact the success rate of acoustic packet reception. For example, thermoclines (temperature layers found in water) can reflect acoustic signals, preventing communication between layers [16] . In addition, in shallow waters or closed-in environments, such as rivers or coastal bays, the reflections of the acoustic signals can cause high levels of interference based on positions in the water [17] - [20] . Adjusting the depth of the nodes in the network to optimize reception has the potential to greatly increase the network throughput.
We have observed the high variance in communication throughput due to node placement during the course of our experiments with the AQUANODES. To illustrate this, Fig. 8 shows the packet success rate. These data were collected in the Singapore Harbor in water that was 10 m deep. The nodes were approximately 36 m apart. The nodes collected communication statistics at each combination of depths with node 0 ranging from 2.0 to 7.0 m depth and node 1 ranging from 2.0 to 6.0 m depth with 1.0-m increments in depth. The nodes used a timedivision multiple access schedule to send messages every 4 s and were at each depth combination for at least 2 min. Each node recorded the number of received and transmitted messages.
As seen in Fig. 8 , the success rates are asymmetric. The average success rate was 75% (with 20 out of 30 locations having greater than 70% success rates), and the best region of performance was obtained when node 1 was between 2.0 and 3.0 m and node 0 was between 5.0 and 7.0 m, with an average of 95% packet success. In contrast, performance was not as good when the depths were switched, averaging 79% success. Interestingly, some of the worst performance was obtained when both nodes were at 4.0 m depth-near the middle of the water column-with a success rate of only 50%. This is significant as it is common practice to deploy underwater networks at fixed depths near the middle of the water column.
This experiment shows that acoustic performance can be nearly doubled by utilizing the depth adjustment system to optimize depths. It is nearly impossible to predict the channel quality a priori as it is dependent not only on the exact positions and depths of the nodes, but also on time varying properties such as water temperature, wave height, boat traffic, etc. As such, adjusting the depth of the nodes has the potential to greatly improve the acoustic communication in the network. It practice, depth adjustment may need to be performed multiple times during the course of a deployment to obtain the best possible communication performance.
B. Improving Sensing
Adjusting the depths of the sensors in the water column can result in a significant improvement in the sensing coverage of the region of interest. In our prior work [1] , we developed a provably convergent, decentralized gradient controller that optimizes the depths of the sensors for sensing water conditions. Decentralized controllers have been developed to solve a wide range of problems including controlling fleets of AUVs moving in circular trajectories [21] , solving best-of-N selection problems in multirobot systems [22] , controlling downward-facing cameras on helicopters [23] , and on large scale manufacturing systems [24] . Our algorithm requires the ability of the nodes to autonomously adjust their depths to adapt their positions to optimize sensing. We have implemented this algorithm on the AQUANODES. We start by presenting an overview of the algorithm. We then describe pool experiments to verify the implementation and functionality of the system and algorithm and then present results from river experiments to validate the system in situ.
The algorithm we developed relies on deriving a decentralized controller based on the covariance between locations of sensors and points that need to be sensed. High covariance between two points indicates that when the value of the sensed point changes, the value of the other point will change in a similar manner. Intuitively, the algorithm adjusts the depths of the sensors to increase the overall covariance between the sensor locations and the rest of the water. By moving the sensors the overall coverage of the region and the utility of the collected data is increased compared to a static deployment.
The main alternatives to this method is minimizing entropy (the log of the inverted covariance matrix) [25] or maximizing mutual information (an NP-complete problem) [26] . Both approaches aim to improve the locations of nodes for collecting meaningful sensory information. Minimizing the posterior error, assuming a Gaussian process, has been performed to select an informative path out of subset of possible paths [21] . Determining the formation for a fleet of vehicles to minimize error covariance for a distributed Kalman filter for sensing unknown regions has also been studied [27] . Linear programming has also been used to decrease measurement uncertainty [28] . Considering placement to optimize sensing while also extending network lifetime has also been considered [29] . Our approach does not require storing or manipulating large matrices, which can be prohibitive on the memory and processing constrained systems found on underwater sensors such as the AQUANODES. The covariance describes the relationship between the position of the sensors and the whole region of interest. The covariance can be derived from known or hypothesized environmental properties (e.g., linear spatial correlation between values), calculated numerically from previously sensed data, or adapted online based on new measurements. Determining the covariance matrix is an active area of research.
Given N AQUANODE underwater sensors currently at locations p 1 · · · p N , we want to optimize their positions for providing the most information about the change in the values of all other positions q ∈ Q, where Q is the region of interest. Formally, given one AQUANODE at position p 1 , and one point of sensing interest, q 1 , we want to move p 1 to the location closest to q 1 . At this position, any changes in the sensory value at q 1 are highly correlated with observed changes we measure at p 1 . Correlation is the normalized covariance, so equivalently the sensor should be moved to the point of maximum covariance with the point of interest. More generally, we can formulate this problem as the maximization of the objective function:
This objective function, however, covers some of the region well, while others are poorly covered. We can prevent this problem by minimizing the function: Q (
We then define the objective function
We can then create a decentralized gradient controller by taking the gradient of H with respect to z i , which accounts for the node's ability to change depth, to obtain ∂H/∂z i . Each individual AQUANODE locally moves in the negative direction of this gradient −k(∂H/∂z i ), where k is a scaling factor that effects convergence speed. In [1] , we show using a Lyapunov style proof that this decentralized gradient controller will converge to a local minimum, which is typically the global minimum or very near it.
We have implemented this algorithm on our AQUANODE platform with the depth adjustment system and tested it in a number of different environments including pools and rivers. Each AQUANODE uses local acoustic communication to obtain position, depth, and sensor information from neighbor nodes. It then controls its depth according to −k(∂H/∂z i ). Position information is determined at the start of the deployment by either surfacing to use GPS or by using an acoustic localization algorithm such as [30] .
We ran over 25 experiments using different covariance models with four AQUANODES in a 3-m deep pool. The covariance models were derived from covariance information from a sensor-initialized, physics-based model of CDOM propagation in the Neponset river [31] . These experiments serve to verify the convergence of the algorithm on the platform under controlled conditions. For these experiments, the system took between 5 and 20 min to converge to stable depths. Fig. 9 depicts the absolute value of the cost function ∂H/∂z i on a log scale for each node in the pool for a single experiment. Initially, the gradient of the objective function was high; however, over the course of the experiment the value on each node decreased until it reached a stable state. The dip in the objective function seen in Fig. 9 is caused by a temporary configuration that was slightly better from the standpoint of the one node and is amplified by the log scale of the plot. Fig. 10 shows the depths of each of the nodes over this experiment. Note that the 3-m pool depth was mapped to 30-m depth to simulate the depths of coastal waters we are interested in. The nodes initially started at a depth of 20 m. All of the nodes approached the center of the water column after 200 s. From here nodes 1 and 3 continued up in the water while nodes 2 and 3 returned to a lower depth. The total time to convergence in this experiment was approximately 8 min. These experiments verify that a decentralized controller can run on the AQUANODES and utilize the depth adjustment mechanism to improve placement for sensing.
We obtained similar results during experiments performed in the Charles river. In addition, we performed experiments in the Charles river to test how well the depth adjustment algorithm can adapt to changing water conditions. We deployed four nodes running the depth adjustment algorithm and periodically told the nodes that the maximum depth of the water had changed to simulate tidal changes (we did this since the area where we deployed the nodes did not have tidal changes, but we wanted to verify algorithm convergence under changing water conditions). Fig. 11 shows the results. This figure plots the value of the objective function that each node computes over time as well the currently used depth (step function at top of the figure).
In this experiment, the nodes initially had very high objective functions. They then moved, which lowered the objective function. After the nodes stabilized we changed the maximum river depth from the 3.25 to 3.0 m. Interestingly, the objective function did not change significantly. Similarly, the transition from 3.0 to 2.75 m did not have much impact. When moving to 2.5 m, however, the objective function increased greatly. This caused the decentralized controller to adjust the depths of the nodes to again reduce the objective value. A final change in maximum river depth from 2.5 to 2.25 m also resulted in a spike in the objective function, which the decentralized depth controller quickly minimized by changing the depths of the nodes. This experiment verifies that the dynamic depth adjustment system converges and can be used to maintain sensing coverage as water conditions change.
VII. CONCLUSION AND FUTURE WORK
In this paper, we presented a depth adjustment system for our underwater sensor network. The system can be used to perform water column profiles, ease deployment/recovery, allow radio or GPS use at the surface, improve sensing, and improve acoustic communication. We performed a number of experiments to test and characterize the system.
The system shows great promise; however, there are several issues to address before deploying the system for long periods of time or in deeper water. In the future, we plan to add a tensioning system to the depth adjustment system to prevent potential winding issues arising from waves and currents. We are also performing experiments to determine the maximum water current the system can handle given different buoyancy and payload configurations. Currents can cause the nodes to tilt in the water column, which changes their locations and trajectories in the water. We can detect this by measuring the difference between the encoder-determined line length and the pressure sensor depth reading or by using onboard accelerometers and magnetometers. We could use these sensors to correct the location information, which is important for the depth adjustment algorithm. We are also working on generalizing the depth adjustment algorithm to enable control along arbitrary trajectories.
In addition, we plan to perform experiments to determine the maximum amount of time the system can be deployed before biofouling will impede the mechanism. Finally, to operate in waters deeper than 50 m we would need to switch from an acrylic housing to aluminum or titanium to deal with the higher pressures. This may cause problems with the magnetic coupler, requiring a change to a sealed shaft design for power transmission. Otherwise, we expect the general depth adjustment system design could scale to operate in hundreds of meters of water without significant changes to the electronics or mechanics of the system.
In this paper, we presented the design and analysis of a depth adjustment system for underwater sensor nodes. While the mechanism itself is specific to the AQUANODES, we also demonstrated the general utility of depth adjustment systems for underwater sensor networks. We showed preliminary results that indicate that acoustic communication can be improved significantly by adjusting the depths of the nodes in the network. We also performed experiments that verify our decentralized depth adjustment algorithm that optimizes the depths of all the nodes for sensing.
